ABSTRACT This paper presents a novel design of high self-interference cancellation (SIC) technique for microstrip antennas. The proposed antenna consists of two closely-spaced orthogonal antennas with differential feeding as SIC circuit so as to achieve high interport isolation between the transmitter and receiver. In order to achieve high RF leakage cancellation, a novel differential feeding network (DFN) is also proposed in this paper, which provides amplitude and out-of-phase imbalances within 0.12 ± 0.03dB and −180 ± 1 • , respectively, for the bandwidth of 500 MHz at a center frequency of 2.50 GHz. General analytical design equations are derived for achieving high SIC over the wide bandwidth. For experimental validation, prototypes are designed and fabricated at the center frequency of 2.50 GHz using an FR-4 substrate with dielectric constant of 4.4 and loss tangent of 0.02. A good agreement is observed among the theoretical analysis, and the simulation and measurement results. The first fabricated prototype provides more than 64 dB SIC for the bandwidth of 110 MHz, while the second prototype achieved more than 60 dB SIC for 160 MHz bandwidth. In addition, the SIC of the antenna using the proposed DFN is high over the wideband frequency bandwidth as compared to conventional 180 • ring hybrid feeding network. Due to ease of implementation and excellent performances, the proposed antennas have potential application for wideband in-band full duplex systems.
self-interference cancellation (SIC) depends on the TX signal power, signal bandwidth, and the noise at receiver [1] [2] [3] [4] .
In order to realize advantages of the IBFD system, the SI signal level should be reduced to the same level as the receiver noise. In recent years, a lot of research has gone toward different SIC techniques to achieve desired cancellation [5] [6] [7] [8] . Based on literature reviews, SIC can be achieved in three domains: TX-to-RX air interface (multiple antennas, circulators, and duplex filters), cancellation in the RF and analog front end, and digital cancellation [9] [10] [11] [12] . In addition, the SIC should achieve higher than 50 dB in TX-to-RX air interface domain or RF analog stage in order to suppress TX SI (including intermodulation, TX circuit noise, and phase noise) as well as prevent the saturation of the receiver building blocks (low noise amplifier, mixer, and ADC).
The SIC technique at the antenna stage is the first step to achieve high levels of SIC, which can prevent saturation of the receiver. In addition, high SIC at the antenna stage makes other stage cancellations easier without the need for complex RF analog and digital domain techniques [13] .
For achieving high isolation at the antenna stage, additional structures on the antenna can be introduced to suppress surface waves or alter ground plane currents, such as bandgap structures, wavetraps, and a slot on the ground plane [14] . However, these techniques are complicated and no accurate calculation methods are applicable to them to achieve high isolation.
Another approach is to make use of orthogonal polarization to obtain high isolation between TX and RX [15] . However, orthogonal polarization is usually not sufficient to ensure the required isolation, because the antennas can generate cross-polarized fields. Similarly, a dual-polarized antenna with a differential feeding network (DFN) in monostatic configuration (same TX and RX antenna) can lead to the improved TX-to-RX interport RF isolation [16] [17] [18] . In [16] , a dual-polarized patch antenna is presented using a DFN that consists of a power divider with two meandering strips with a 180 • phase difference to achieve 40 dB isolation between TX and RX ports. Similarly, a dual-polarized patch antenna with the hybrid ring feeding is present in [17] , which provides measured isolation of more than 40 dB. In [18] , a patch antenna is fed from the same edge where the dual-polarization is obtained by differential excitation of the two side ports with 180 • ring hybrid. However, the achievable isolation is limited in this antenna because of strong coupling between the close-spaced microstrip feeding the radiating patch from the same edge. Furthermore, the dual-polarized patch antennas with differential feeding are presented in [19] , [20] based on three and four ports, respectively. Although high isolation is obtained in these works, the bandwidth is still limited to 50 MHz at 2.4 GHz center frequency. In addition, the conventional DFNs (such as 180 • ring hybrid and Wilkinson power divider (WPD) with unequal microstrip lines) can provide the perfect amplitude balance of 0 dB and phase balance of 180 • only at the center frequency, which can limit RF leakage cancellation over a wide bandwidth.
To realize practical high isolation for IBFD system, a bistatic configuration (separate TX and RX antenna) can be implemented at expense of increased system size. Different techniques such as polarization diversity, spatial duplexing, null placement, near field cancellation and feed-forward cancellation were proposed in bistatic configuration to achieve interport isolation [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In this paper, orthogonal polarized antenna with differential feeding in bistatic configuration is demonstrated for IBFD system. To achieve high TX-to-RX port isolation over wide bandwidth in the proposed antenna, a novel DFN is proposed, which provides good amplitude and phase imbalances over wide frequency bandwidth. The accurate design equations are also derived so as to assist with and achieve RF leakage cancellation over the wide frequency bandwidth. 
II. ANALYTICAL ANALYSIS
A. WIDEBAND DIFFERENTIAL FEEDING NETWORK Fig. 1 shows the structure of the wideband DFN, which consists of WPD and two 3-dB hybrids. The coupled and through ports of one hybrid are terminated with open-circuited transmission lines (TLs), whereas those of another hybrid are terminated with short-circuited TLs. Assuming the characteristics impedance and electrical lengths of the open and short-circuited TLs are Z 0 and θ, respectively, the Sparameters of the proposed feeding network through different transmission paths can be derived as (1) .
where
and
ii (f ) are the transmission S-parameters of power divider and hybrids, respectively. Furthermore, the amplitude and out-of-phase balances between two paths can be written as (3) .
As noted from (3), if WPD and both hybrids have perfect amplitudes and phase balances, and both hybrids are identical, then the amplitude and out-of-phase balances of the VOLUME 7, 2019 overall feeding network can be derived as (4)
From (4), it can be concluded that the proposed DFN can theoretically provide perfect amplitude and phase balances of 180 • for infinite bandwidth. However, the performance of the WPD and two hybrids characteristics can limit the performance of the feeding network. Therefore, a WPD and hybrids with good amplitude and phase balance over wideband should be chosen in the design process. Fig. 2 shows the ideal calculated response of DFNs. As shown in the figure, the conventional DFNs such as 180 • ring hybrid and WPD with unequal lengths can provide the perfect amplitude balance of 0 dB and phase balances of 180 • only at the center frequency (f 0 ) of 2.5 GHz. However, the amplitude and out-of-phase balances are independent of frequency and only provide infinite theoretical bandwidth in the proposed DFN. Fig. 3 shows the proposed structure of the IBFD antenna with wideband high isolation between the TX and RX ports. The structure consists of circular patch differential fed TX-and single-ended RX-antennas which are orthogonally polarized and closely-spaced. The TX-antenna is excited by the proposed wideband DFN, whereas the RX-antenna is excited with a single-ended co-axial feed network. Signal flow analysis is performed to derive the TX-to-RX isolation by accounting for all coupled signals from TX-to-RX paths. First, the input TX-signal is divided into two out-of-phase signals defined (5) due to DFN.
B. WIDEBAND HIGH SIC IN-BAND FULL DUPLEX ANTENNA
Secondly, the leakage signals generated from closely-spaced orthogonal polarized TX-RX antennas will couple with the outputs of DFN signals. Finally, these leakage signals will be received by the RX antenna. Therefore, TX-to-RX isolation can be determined as in (6) .
where S A ij (f )and ϕ A ij (f ) are closely-spaced orthogonal polarized antennas leakage signal magnitude and phase, respectively. Using (5) and (6), the TX-to-RX isolation can be further simplified as (7) .
where amplitude and out-of-phase balance errors of DFN and antenna leakage signals, respectively, are defined by (8) .
Similarly, S DFN IL (f ) and S A path (f ) represent insertion and path losses of DFN and closely spaced orthogonal polarized antennas, respectively. Assuming the DFN is lossless, (7) can be further simplified as (9) .
As shown in (9), the TX-to-RX isolation depends on the amplitude and out-of-phase balance errors of DFN and antenna leakage signals as well as the path loss between the closely-spaced orthogonal polarized antennas. From (9), it can also be noted that the proposed IBFD antenna will provide the infinite TX-to-RX isolation if conditions (10a) and (10b) are both satisfied.
These conditions for obtaining high isolation between TX-to-RX show that not only are the amplitude and out-ofphase imbalance errors of DFN important but so are those of antenna leakage signals important. Since antenna leakage amplitude and phase balance errors change according to environmental factors, the proposed design equations can assist the adaptation of high isolation in the IBFD antenna. Moreover, additional circuits (such as attenuator and phase shifter) can be utilized at the arm(s) of DFN for automatic tuning.
In order to validate the analytical equations, Figs. 4 and 5 show the calculated TX-to-RX isolation of IBFD antenna under different parameters variation. As observed from these figures, the high TX-to-RX isolation over wide frequency bandwidth can be achieved if conditions (10a) and (10b) are both satisfied in terms of overall frequency bandwidth.
In addition, the TX-to-RX isolation higher than 60 dB can be achieved if the amplitude and out-of-phase imbalance errors of DFN and antenna leakage signals are maintained within 0.2 dB and 2 • , respectively. 
III. SIMULATION AND MEASUREMENT RESULTS
The For experimental demonstration, the DFN and antennas are fabricated at the center frequency of 2.5 GHz using an FR-4 substrate with a dielectric constant of 4.4 and loss tangent of 0.02. Fig. 6 shows the physical layout and fabricated photograph of the wideband DFN. The proposed DFN is simulated and fabricated using 3-dB hybrids from ANAREN in FR-4 substrate with a thickness of 1.2 mm. The amplitude and phase errors of 3-dB hybrids are within ±0.4 dB and 90±2 • for 2-3 GHz. The physical dimensions of the overall feeding network are also shown in Fig. 6 . • , respectively. In addition, the ϕ DFN of the conventional feeding network is exactly 180 • only at the center frequency. Fig. 7 (b) shows the simulated and measured return losses and isolation between the output ports of the DFN. From the measurement results, it is found that the input/output return losses and the isolation between output ports are higher than 15.5 dB and 24 dB within the bandwidth of 500 MHz, respectively.
A. RESULTS OF WIDEBAND DIFFERENTIAL FEEDING NETWORK

B. PROTOTYPE I: RESULTS OF WIDEBAND HIGH TX-RX ISOLATION IN-BAND FULL DUPLEX ANTENNA
For an experimental demonstration of the proposed IBFD antenna, prototype-I is designed and fabricated at f 0 = 2.50 GHz with FR-4 substrate and thickness of 3.2 mm. The upper layer circular patches operate at 2.5 GHz with an orthogonal linear polarization which is placed closely within 0.1λ 0 spacing (λ 0 is the free-space wavelength at 2.50 GHz).
The physical dimensions of the fabricated antenna shown in Fig. 8 and 9 are summarized as: h = 3.2, L 1 = 128, L 2 = 72, R = 16, D 1 = 4, D 2 = 5, and g = 10 (all units in mm). In this work, the closely-spaced TX-and RX-antennas with orthogonally polarization structures are chosen so as to obtain leakage isolations of 25 to 30 dB as maintaining compact circuit size. However, this isolation is far from the requirement of the IBFD system, therefore, additional isolation can be obtained with DFN as shown in Fig. 3 . The antennas are excited through the coaxial feed technique and the DFN is attached at the bottom layer of the TX-antenna with SMA connectors. Fig. 10 shows the simulated and measured TX and RX-port return losses (RLs) and TX-to-RX isolations of fabricated IBFD antenna prototype-I. The measurements were performed in a laboratory environment and the results were taken directly from a full-assembled antenna system as shown in Fig. 10 . The simulation S-parameters results were obtained as follows: First, the 3-D full-wave simulations of circular patch antennas and DFN are performed separately using ANSYS Electromagnetics Suit 19 and the S-parameters are saved as 3-port touchstone files. These touchstones files are imported into circuit simulator advanced design system (ADS) 2017. Finally, the circuit simulations of the entire system are executed, and the results are extracted.
The measured input/output return losses shown in Fig. 10  (a) are slightly deviated from simulation results due to fabrication error. From the experiment, the antenna input/output return losses were higher than 18 dB at f 0 = 2.52 GHz. In addition, 10-dB RL bandwidth of the fabricated antenna was determined as 110 MHz. The TX-to-RX isolation of fabricated prototype-I was determined as higher than 70 dB at 2.52 GHz and higher than 64 dB within the bandwidth of 110 MHz. In addition, the measured TX-to-RX isolation is very similar with to the simulated and MATLAB calculated results. Moreover, the TX-to-RX isolation in case of conventional feeding network (180 • hybrid) is higher than 64 dB only at f 0 . Fig. 11 (a) shows the simulated and measured 2-D E-plane and H -plane radiation patterns of TX-antenna at f 0 = 2.50 GHz. The TX antenna (differential port) is excited while maintaining the RX antenna is loaded with a 50 termination impedance. The measurement was performed at the Korea Electronics Technology Institute (KETI) anechoic chamber. Under TX-port excitation, the maximum radiation was oriented at θ = −30 • with a measured peak gain of 3.75 dBi. Similarly, Fig. 11 (b) shows the simulated and measured RX antenna 2-D radiation patterns for E-plane and H -plane at f 0 = 2.50 GHz. When the RX-port is excited, and the TX-port is loaded with 50 termination, the maximum radiation pattern is oriented at θ = −30 • and ϕ = 0 • with a measured peak gain of 3.70 dBi. In addition, the crosspolarization components remain at less than −20 dB for the TX-and RX-antennas. Fig. 12 shows the measured peak realized gains TX and RX antennas as a function of frequency. The peak gain of TX-antenna is higher than 3.2 dBi, whereas that of RX-antenna is higher than 2.75 dBi within the bandwidth of 100 MHz. As can be seen from these results, the TX-antenna gain is lower than the RX-gain because of the additional insertion loss of DFN in the TX-antenna.
C. PROTOTYPE II: RESULTS OF WIDEBAND HIGH TX-TO-RX ISOLATION IN-BAND FULL DUPLEX ANTENNA
The prototype-I of the proposed IBFD antenna provides high TX-to-RX isolation within 500 MHz bandwidth; however, the 10-dB RL bandwidth of the antenna is only 110 MHz. VOLUME 7, 2019 Therefore, the second prototype of the IBFD antenna is designed and fabricated by increasing the thickness of the substrate through attaching two units of the FR-4 substrate of thickness 3.2 mm, as shown in Fig. 13 . The physical dimensions of prototype II are given as: h = 6.4, L 1 = 124.6, L 2 = 70.3, R = 15.16, D 1 = 4.3, D 2 = 6.2, g = 10 (all units in mm). Fig. 14 shows the photograph of fabricated prototype-II. The simulated and measured TX-and RX-port return losses and TX-to-RX isolation are shown in Fig. 15 . The measurements were performed in a laboratory environment. As can be seen in the figure, the measured results are consistent with the simulated and theoretically predicted results. The measured TX-and RX-port return losses are higher than 20 dB at f 0 = 2.52 MHz. Similarly, 10-dB RL bandwidth of the prototype-II is determined from the experiment to be 160 MHz, which is wider than that of prototype-I. Similarly, the measured TX-to-RX isolation is higher than 68 dB at f 0 = 2.52 GHz and higher than 60 dB for a bandwidth of 160 MHz. As like prototype-I, the TX-to-RX isolation in case of conventional 180 • hybrid feeding network is higher than 65 dB only at center frequency. Fig. 16 shows the simulated and measured 2D E-plane and H −plane gain patterns at 2.50 GHz. As expected, and as is clearly visible from the figure, the maximum TX-antenna gain (when TX-port is excited) of 5.7 dBi is located at θ = −30 • , ϕ = 0 • . Similarly, the maximum RX-antenna gain is 5.72 dBi when the RX-port is excited; which is located at θ = −30 • , ϕ = 0 • . In addition, the TX-and RX-antennas cross polarization components are higher than −20 dB. Fig. 18 shows the measured peak gains of prototype-II by exciting one port and terminating the other port with 50 . From the measurement, the gain is higher than 4.5 dBi when the TX port is excited, whereas the gain is higher than 5.1 dBi when RX-port is excited within the frequency bandwidth of 160 MHz. The reduction in TX-antenna gain is due to the additional insertion loss of the DFN. The measured radiation efficiencies of TX-and RX-antenna are higher than 58% and 75%, respectively. The radiation efficiency can be further improved by using a low tangent loss substrate. Table 1 shows the performance comparison of bistatic IBFD antenna in terms of TX-to-RX isolation. As observed in this table, the proposed IBFD antenna provides high SIC between the TX and RX ports as compared to the state-ofthe-arts antennae.
IV. CONCLUSION
This work demonstrated the design of an in-band full duplex bistatic antenna with high isolation between transmitting and receiving ports using closely-spaced differential fed circular patch antennas. The novel differential feeding network is also demonstrated with excellent amplitude and phase balance of 180 • within 500 MHz bandwidth at center frequency of 2.5 GHz, which can achieve high self-interference cancellation within the wide bandwidth. The general design equations are derived to assist in the design of the wideband high self-interference cancellation full duplex antenna. The fabricated in-band full duplex antennas achieved higher than 60 dB self-interference cancellation within the bandwidth of 160 MHz without any complex circuits, which can make other stage cancellation easier. In addition, the interport isolation of antenna using the proposed differential feeding network is high over wide bandwidth as compared to the conventional 180 • hybrid feeding network. The proposed circuit can be further combined with a digital cancellation circuit to achieve the requirement of an in-band full duplex system (such as having higher than 110 dB cancellation). The easy implementation and good performance indicate that the proposed method is a good candidate for wideband in-band full duplex systems.
